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The need for highly resilient and precise components is growing considerably
in all the industrial applications. With the injection moulding of powdered materials
called Powder Injection Moulding (PIM) provides access to a technology that offers
new design options for highly complex components made from metals or ceramics.
Microsystems are widely used in high heat flux situations due to their low cost and
high potential applications in many fields such as electronic cooling, space, commu-
nication and biology. Oblique fins are obtained via the introduction of oblique cuts
at specific locations along micro-channels. Re-initialization of boundary layers at the
leading edges of each oblique fin, effectively reducing boundary layer thickness. In
addition, the oblique fins promote the secondary flow thus created improves flow mix-
ing, which further enhances the heat transfer.
The present work attempts to study the fluid flow and heat transfer characteris-
tics of PIM oblique finned microchannel heat sink both numerically and experimen-
tally. Experimental results such as thermal resistance and pressure drop have been
well validated with ANSYS FLUENT simulations. Hot spots are observed at the most
downstream location of the channel is due to the effect of flow migration. Finally, a
novel technique has been proposed to reduce the pressure drop on creating additional
channels by removing some material at the middle portion of oblique fins. It is found
that the creation of obliquecuts incurred a reduction in both pressure drop and Nuavg
up to 31.36 % and 16.66 % respectively at a flow rate of 500 ml/min. Nevertheless,
for all the flow rates considered in this analysis % reduction in pressure drop is almost
double as compared with % reduction in Nuavg. Therefore, this analysis is beneficial
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Thermal micro-devices such as micro total analysis systems (TAS), polymerase
chain reaction (PCR) and thermal inkjet printer heads are gaining popularity due to
the speed, efficiency and portability that they offer. In the electronics industry, there
is a continual demand for faster and smaller chips for laptops, cell phones and other
portable devices. Thermal management is very essential for the development of next
generation computational systems. Reliability, size, noise and power consumption of
the cooling solution need to be considered for practical applications [1]. In accordance
with the Moores Law, the number of transistors integrated on Intel microprocessors
keeps increasing. This continual increase in the integration density causes a rapid rise
in power generation and the consequent heat dissipation from microprocessors [2].
The associated problem is the performance of the chips. Its temperature should not ex-
ceed certain limits to prevent unreliable operation, reduced life and failure. Traditional
cooling solutions such as fans are reaching their limit for providing high performance
cooling. Soon, for high-power chips as well as other applications, air-cooling will no
longer be able to satisfy the needs. Research focuses both on single-phase and two-
phase cooling concepts. The latter benefits from minimal temperature gradients due
to evaporation at constant temperature, yet is technologically more complex to fabri-
cate, operate and maintain than single-phase systems [3]. In this respect, single-phase
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cooling is expected to remain the dominant form of liquid cooling. Current single-
phase microfluidic cooling concepts for electronics move away from early approaches
based on plain microchannels to more sophisticated structures. The heat transfer ca-
pability is hence increased by passively triggering non-laminar flow patterns instead
of following the physics of laminar flow, for which the thickness of the evolving ther-
mal boundary layer causes heat transfer to deteriorate. In order to generate secondary
flow in the conventionalsized passage, the louvred fin heat exchanger has the entire
slit fins rotated relative to the airflow direction. The current heat sink design adopts
sectional oblique fins to replace the conventional continuous fins in microchannel heat
sink application [4]. The concept of oblique fins in micro-channel heat sinks had been
proposed by breaking the continuous fins into oblique sections, significant local and
global heat transfer enhanced was achievable with little or negligible pressure drop
penalty. The re-initialization of thermal boundary layer at the leading edge of each
oblique fin due to breakage of continuous fin into oblique sections and the secondary
flow due to these oblique cuts resulted in better heat transfer and a comparable pres-
sure drop. The oblique angle that denotes the angle between the main channel and
oblique channel is set as 27, which is within the range of louvre angles (20 to 45)
that are frequently evaluated in the literatures. On the other hand, for the oblique fin
array, the bulk of the flow remains in the main channel with only a small fraction of
flow branching into the oblique openings (channels) and subsequently injected into
the adjacent main channel, leading to generation of secondary flows, which promote
fluid mixing. However, the overall efficiency of the oblique finned microchannel heat
sink system reduces at very high flow rate operating condition due to the formation of
recirculation zones at many locations in the heat sink and due to the less mass flow
rate associated in secondary channels.
2
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1.2 Challenges and Gaps of Microchannel Heat Sinks Related to
Pressure Drop
Several loop holes of the newly proposed microchannel concept were evident.
Copeland et al. [5] investigated the application difficulties for the conventional mi-
crochannel associated with high pressure drop penalty and significant enhancement
in lateral temperature gradient. Due to the use of small size channels, pressure drop
penalty across the microchannel heat sink increased to 2 bars. This pressure head can
only be provided by a pump which is impractical to implement in a small system. In
addition, as the liquid flowed through the microchannel, the heat transfer performance
deteriorated due to the development of thermal boundary layer in the streamwise di-
rection.
Jasperson et al.[6] proved numerically that the performance of micro pin fin heat sink
is better that of a microchannel heat sink. They concluded that stronger vortices in
the wake reduces the boundary layer thickness leads to the enhanced heat transfer per-
formance. But, the pressure drop penalty across the micro pin fin heat sink is 300 %
more.
YJ Lee et al. [7] found that the heat transfer performance of oblique finned heat sink
is more as compared with straight microchannel heat sink. But pressure drop is more
in the case of oblique fins.
The common problem in the above mentioned cases is the pressure drop penalty
in microchannel heat sinks. Therefore, it recalls the modification of traditional oblique
fins to reduce the pressure drop penalty of the heat sink system. In order to reduce the
pressure drop in the case of oblique finned microchannel heat sinks a novel technique
has been proposed by creating additional channels at the mid portion of oblique fins
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by removing some material from the oblique finned heat sink called obliquecuts. The
comparitive heat transfer and pressure drop characteristics of both oblique fins and
obliquecuts are clearly presented in this analysis.
1.3 Powder Injection Moulding
Powder Injection Moulding (PIM) is the process in which fine powder is mixed
with specific amount of binder to form feed stock and the mixture is being handled by
a processing unit through a process called Injection moulding [8]. There are four steps
[9] involved in Powder Injection Moulding process (PIM).





It is the process of mixing the finely grained powdered particles with the polymer
based binder material. This homogeneous component is called feed stock. Metals,
steels, ceramics can be used as powder materials. Stearic acid, synthetic or natural
wax are the few examples of binder materials.
1.3.2 Injection Moulding
In this step, the feed stock is injected in to the mould in order to get the desired
shape. Before injecting the feed stock in to the mould, the binder content of the feed
stock is melted in the plasticizing unit. After the solidification, robotic systems are




In this process, the binder content will be removed from the green compact by
catalytic process or thermal decomposition. After the removal of the binder, the binder
part changes from Green compact to Brown compact. At this stage, the component is
relatively unstable, porous and fragile.
1.3.4 Sintering
In order to increase the bond strength of the Brown compact, the part is subject
to further heating. For this purpose specific furnace temperature is to be maintained.
Powder Injection Moulded sintered parts [10] are characterized by high material den-
sity and great homogeneity.
1.3.5 Advantages of PIM
1. Complex and intricate shaped components can be produced with very minimum
cost.
2. Mechanical properties are superior over other manufacturing processes such as
casting and forging because of high sintered density and fine particle size.
3. Production time is less as compared with investment casting process.
4. Very minimal of finishing operations.
In this analysis PIM is chosen for manufacturing of heat sinks is because intri-
cate and complex shapes can be produced with PIM process. Therefore, creation of
internal channels can be done with PIM process which allows the 4 side heating of
microchannel heat sink. Whereas, in the case of microchannel heat sink manufactured
by machining 3 side heating is only possible. Thus, heat transfer performance is more
5
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in the case of PIM process. Shah and London [11] compared the heat transfer perfor-
mance through average Nusselt number of rectangular ducts for 4 side heating, 3 side
heating with one wall insulated, 2 side heating cases. It is found that for a particular
aspect ratio 4 side heating will give the better heat transfer performance. Wibulswas
[12] has calculated the avearge Nusselt number for rectangular ducts with all four
sides transferring heat. In addition, he proposed the correlations to calculate the av-
erage Nusselt number for 3 side heating cases. From the results one can conclude
that the 4 side heating is beneficial than 3 side heating with respect to heat transfer
performance.
1.4 Objectives
1. To study the fluid flow and heat transfer characteristics of Powder Injection
Moulded (PIM) oblique finned microchannel heat sink.
2. To develop a novel technique for the pressure drop reduction in oblique finned
microchannel heat sink.
To meet these objectives, experiments on oblique finned microchannel heat sinks
have been conducted and validated with Ansys Fluent numerical simulations.
1.5 Significance and Scope of the Present Work
The results of the present investigation would have significant influence on under-
standing the flow physics behind Powder Injection Moulded oblique fin microchannel
heat sink. Proposed pressure drop reduction technique mentioned in this study leads
to generate the novel ideas and techniques to reduce the pressure drop effectively in
microchannel heat sinks without significant reduction in heat transfer. Both fluid flow
and heat transfer are modelled based on Navier-Stokes equations. The present study
6
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mainly focused on single phase liquid (water) cooling. Both two phase and air cooling
are beyond the scope of this work.
1.6 Thesis Structure
Literature review on micro-channel single phase heat transfer studies have been
presented in chapter 2. chapter 3 describes the numerical investigation of PIM heat
sink and comparison between experimental and numerical results have been presented
in detail. Chapter 4 describes the experimental setup, the test section, the proce-
dure for conducting microchannel single phase heat transfer experiments, heat transfer
and pressure drop characteristics. In Chapter 5, pressure drop reduction technique in
oblique finned heat sink has been studied numerically. Chapter 6 concludes the thesis





This chapter begins with a general introduction to thermal management of mi-
crochannel heat sinks and the gaps associated with microchannel heat sinks. This
is followed by a review on Powder Injection Moulded (PIM) microchannel heat sinks
and oblique finned microchannel heat sinks is presented. Next, various passive and ac-
tive techniques for heat transfer enhancement available in the literature, is discussed.
Research gaps are identified, based on which research work presented in this thesis is
carried out.
2.1 Thermal Management of Microchannel Heat Sinks
In the electronics industry, there is a continual demand for faster and smaller
chips for laptops, cell phones and other portable devices. As a result, the number of
transistors per chip has increased by five orders of magnitude [13] since the inven-
tion of the first microprocessor. The heat generated by these chips has correspond-
ingly increased and has already reached or exceeded 300 W/cm2 in some of the high-
performance chips currently available in the market. One of the main challenges of the
power electronics and microelectronics industries nowadays is the removal of the high
heat fluxes, which are generated in state-of-the-art chips within very small volumes.
It is essential that the temperature of the circuits not exceed a certain temperature
to ensure reliable operation of these chips. As a result, considerable effort is being
9
Chapter 2 Literature Review
made to develop innovative cooling technologies to keep up with the heat dissipation
requirements [14].
Tuckerman and Pease[15] demonstrated an impressive heat removal rate of 790
W/cm2 with their integrated single phase micro-channel heat sink, however at the
expense of significant pressure losses of over 2 bar for one square centimeter of chip.
Any improvement in the performance of heat sinks with liquid flow is limited by the
physics of the flow and the relatively low Nusselt number governing the heat transfer
in straight micro-channels. Current single-phase microfluidic cooling concepts for
electronics move away from early approaches based on plain microchannels to more
sophisticated structures. The heat transfer capability is hence increased by passively
triggering non-laminar flow patterns instead of following the physics of laminar flow,
for which the thickness of the evolving thermal boundary layer causes heat transfer to
deteriorate.
FIGURE 2.1: Schematic diagram of microchannel heat sink [16]
2.2 Powder Injection Moulded (PIM) Microchannel Heat Sinks
Tan and Jan Ma et al.[17] studied the fabrication of Aluminium component by
PIM for heat sink application and compared the performance with commonly avail-
able extruded Aluminium. PIM heat sink properties shows that more than 93 % of
10
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the theoretical density was achieved and the thermal conductivity of the Aluminium
component was also found to be improved by 50 %. Johnson et al.[18] investigated
FIGURE 2.2: Steps involved in PIM process
(http://www.azom.com/article.aspx?ArticleID=1080)
the thermal properties of Cu heat sink manufactured by PIM and concluded that the
thermal conductivity is in the range of 280-320 W m-1 K-1. The major reasons for
the reduction in thermal conductivity (K = 389 W m-1 K-1) is due to the iron im-
purities and porosity. Muhsan and Ahmed [19] investigated the fabrication of high
performance PIM heat sink made of copper matrix reinforced by multi walled Carbon
nanotubes (MWCNTs) up to 2.5 vol. % and found that the addition of MWCNTs
results in the thermal conductivity enhancement up to 76 % (K = 587 W m-1 K-1).
2.3 Economic Analysis of PIM Heat Sinks
Powder Injection Moulding (PIM) becomes most cost effective alternative as
compared to machining on considering the volume and complexity of the product.
PIM produces complex, net shape components that require no secondary machining
operations. In addition to this, Metal Injection Moulding (MIM) can significantly de-
creases the overhead cost, at the same time increases the production rates.
German and Blair[20] presented the production-cost sensitivity analysis for Powder
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Injection Moulding. The factors considered in their analysis are complexity, size, tol-
erances, shape, feature combinations, materials, batch size, and various debinding and
sintering technologies. This analysis shows that the cost minimisation occurs due to
self-mixing, improved process yields, high furnace loading and water atomized pow-
der. Selles et al.[21] reviewed the different tools to calculate the production economics
in injection moulding process to achieve the good cost estimation. The purpose of this
work is to comment upon computer-aided software on the calculation of the Powder
injection molding cost.
German[22] studied the economic model for Powder Injection Moulded component
production. Boisclair and Julien[23] studied the advantages of PIM process. In their
analysis they described the advantages of PIM such as cost effectiveness, increased
possibility of miniaturization, high mechanical properties, very good surface finish,
material flexibility and high speed production. In addition to this, potential applica-
tions such as transportation, military and aerospace sectors were highlighted.
Fig. 2.3 shows the comparison between PIM other manufacturing processes.
FIGURE 2.3: Comparison between PIM and other manufacturing processes on con-
sidering various parameters (http://mimaweb.org)
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2.4 Oblique Finned Microchannel Heat Sinks
Lee et al.[24] investigated the performance of planar oblique finned microchan-
nel heat sink. Reinitialisation of both hydrodynamic and thermal boundary layer on
fin surface and increase in secondary flow leads to the best thermal performance in
oblique finned heat sink. Oblique fin microchannel heat sink results in doubling the
heat transfer performance and a pressure drop penalty of around 50 % compared to
the equivalent straight microchannel heat sink. Fan et al.[25] studied the cylindrical
oblique fin minichannel heat sink and obtained a heat transfer enhancement of 75 % as
compared with cylindrical straight fin minichannel heat sink with an almost negligible
pressure drop penalty. The advantages of the oblique finned microchannel heat sinks
were most predominant in flow boiling heat transfer, as well. Law et al.[26] investi-
gated the influence of oblique angle on fluid flow and heat transfer and reported that a
higher oblique angle promotes the best heat transfer performance since the number of
oblique fin sections are maximum at a greater oblique angle, while the oblique angle
did not have much influence on the pressure drop penalty for two-phase flow.
2.5 Single Phase Heat Transfer in Microchannels
The concept of microchannel heat sink for the first time was introduced by Tuck-
erman and Pease[27] in 1981. The ever increasing cooling demand for various ap-
plications such as data centres, microprocessors, CPU’s and others, has challenged
researchers and scientists to come up with innovative and efficient cooling technology
that ensure satisfactory and improved performance. Conventional cooling methods
like air cooling are unable to meet the needs with the accelerating cooling demands
[28]. Integration of heat sinks with microchannels is one of the effective solution
for electronic cooling. The advantages of microchannels include compactness, light
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weight and higher heat transfer surface area to fluid volume ratio [29].
Prasher and Chang observed that single-phase microchannel electronic cooling was
capable of removing the heat flux up to 1250 W/cm2 for a pressure drop of 50 kPa. Lee
et al.[30] experimentally investigated the rectangular microchannels in single phase
flow regime to explore validity of classical correlations for the conventional sized
channels in order to predict the thermal behaviour. They validated the numerical re-
sults with experiments and found that the results are in good agreement with each
other.
2.6 Passive Techniques for Heat Transfer Enhancement in Mi-
crochannels
In order to enhance the heat transfer passive techniques are to be employed such
as special surface geometries or geometrical modifications by incorporating inserts or
additional devices. Thinning the boundary layer by special methods results in heat
transfer enhancement since rate of heat transfer is maximum in developing flow than
fully developed flow. The techniques that are to be employed for the boundary layer
thinning are boundary layer disruption, inducing the secondary flow to promote the
flow mixing.
As an efficient method to improve better fluid mixing, secondary flow has been
identified as one of the effective heat transfer augmentation technique. Steinke and
Kandlikar [31] suggested two potential methods in generating secondary flow for heat
transfer enhancement. The first suggestion was to incorporate smaller channels at a
specific angle between two main channels. Alternatively, secondary flow can also
be generated by a venturi effect. These methods can lead to the enhancement of heat
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transfer with or without slight additional pumping power consumption. This technique
can be adopted by the arrangement of various fins and plates. The investigation of
Tatsumi et al.[32] on parallel plate fin arrays with oblique notches suggested that the
presence of oblique notches resulted in heat transfer enhancement through interrupting
thermal boundary layers and promoting the generation of span wise flow (secondary
flow).
An additional increase of the rate of heat removal was explained with modifica-
tions of the heat sink internal geometry such as introduction of serpentine channels,
branching channel structures and pin fins inside the micro-channels [33]. The in-
troduction of complex channel geometries, while improving the performance of the
sinks, is accompanied by an increase in the pumping power and a decrease in the
overall efficiency of the cooling system. Based on the minimization of the flow re-
sistance between a volume (volumetric heater) and a point (cooling liquid stream), a
tree-shaped channel network was proposed by Bejan and Errera [34]. Chen and Cheng
[35] proposed a right-angled bifurcation in a rectangular shaped heat sink while Pence
[36] preferred a smaller bifurcation angle in a disk shaped heat sink. Both designs
deployed selfsimilar fractal-like branches in a heat sink at a fixed ratio between the
upstream and downstream channel width and channel length, leading to identical bi-
furcating pattern at each level.
Few researchers studied the manifold design for better heat transfer enhance-
ment. Ryu et al.[37] studied optimisation of a microchannel heat sink numerically
and reported that the thermal resistance value is decreased by more than a half while
the temperature uniformity on the heated wall is increased by 10 times. Wangding et
al.[38] analysed the heat transfer characteristics of a microchannel having manifold
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with copper heat spreader. The temperature difference along the streamwise direction
is less than conventional heat sink because of the transverse channel arrays.
One approach to induce secondary flow patterns for enhanced heat transfer is to
use curvature to cause Dean Vortices due to the occurrence of centripetal forces [39].
Although the effect of curvature (and even torsion) is adopted by nature to increase
mass transfer at the walls of human blood vessels [40], its applicability is limited
in microfluidic cooling applications, because the fabrication methods and space re-
quirements typically constrain the design to in-plane curvature. Therefore, the effect
of wavy rectangular microchannels on the thermal performance remains comparably
low. At Re = 500, Sui et al.[41] reported a highest Nusselt number of about 16, which
constitutes a two- to three-fold improvement in comparison to a plain microchannel.
Secondary flows can be increased by inserting screw threads, helical ribs and twisted
tapes [42]. Biswas wt al. [43] studied the heat transfer characteristics of fin tube heat
exchangers on inserting winglet type vortex generators. They reported an enhance-
ment in heat transfer is up to 240 % due to increase in secondary flow. Chang et al
[44]. numerically investigated the relationship between intensity of secondary flow
and the strength of convective heat transfer in a channel formed by a flat tube bank fin
with vortex generators. Meis et al.[45] studied the heat transfer characteristics of mi-
crochannels with various 2D shapes of vortex promoters in laminar flow regime. The
cross sections considered at various aspect ratios in this study are circular, triangular
and rectangular. The effect of blockage ratio, relative orientation and position of the
obstacle and Reynolds number on fluid flow and heat transfer are studied in-detail.
Other concept for enhanced heat transfer is to place flow obstructions in the flow
field to originate a regular thinning of the thermal boundary layer. Brunschwiler et al.
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[46] experimentally compared different heat transfer structures and reported that pin-
fin arrays clearly outperform plain microchannels. Renfer et al.[47] later studied the
best-performing pin-fin array in detail and could explain the mechanism by which heat
transfer was increased. They found that vortex shedding on the pin-fin arrays caused
the Nusselt number to be abruptly increased at a critical Reynolds number of about
350. Computational modeling also confirmed that the mechanism of vortex shedding
on pin-fins resulted in an increase in Nusselt number [48].
Chiu et al.[49] numerically and experimentally investigated the heat transfer per-
formance of liquid cooling heat sink containing microchannels. The effect of channel
geometrical parameters such as aspect ratio and cross sectional porosity of the chan-
nels and pressure drop between the inlet and exit on heat transfer is investigated.
Lee and Teo [50] investigated the fluid flow and heat transfer characteristics of
microchannels with grooved surfaces (rectangular and arc shape) numerically in lam-
inar flow regime. They reported that arc grooves have a better heat removal flux than
the rectangular grooves but the coefficient of performance is more for rectangular
grooves. Boundary layer reinitialisation can be done with interrupted, louver, offset
strip fins etc. Patankar and Prakash [51] analysed the effect of plate thickness on
fluid flow and heat transfer in interrupted plate passages in laminar regime. They re-
ported that thick fins results in higher pressure drop penalty than zero thickness plate
without considerable heat transfer enhancement. Wang and Tao [52] numerically in-
vestigated the laminar fluid flow and heat transfer characteristics of plate-array aligned
at different angles to the direction of flow and observed that the rate of heat transfer
and pressure drop increases with increase in inclination angle and length of the plate.
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Chang et al.[53] proposed generalised correlations for corrugated louvered fins with
respect to fluid flow and heat transfer. Manglick et al.[54] proposed the heat transfer
and pressure drop correlations for rectangular offset strip fin compact heat exchanger.
Xia et al.[55] studied the effect of structural parametres such as length and width of
the constant cross section and arcuate region on fluid flow and heat transfer in a mi-
crochannel with aligned fan shaped reentrant cavities. Two suitable ranges are found
for the optimum geometric configuration.
Nonino et al.[56] studied the temperature dependent viscosity and viscous flow
effects in microchannel flows. Different types of cross sections considered in this
analysis are circular, rectangular, square, hexagonal and trapezoidal. It is observed
that the Shapes of the geometries have considerable effect on the heat transfer perfor-
mance. Sadasivam et al.[57] studied the laminar fully developed forced convection
heat transfer through trapezoidal and hexagonal ducts. They found that the influence
of Nusselt number and friction factor have a strong dependence on duct aspect ratio
and trapezoidal angle. Michael et al. [58] studied the fully developed laminar heat
transfer in thermal entrance region of trapezoidal microchannels of various aspect ra-
tios. The influence of Prandtl number on the thermal entrance region is investigated.
Steinke and Kandlikar [59] studied the single phase liquid transport phenomenon in
microchannels. available literature related to single phase liquid friction factors in
microchannels are presented in this paper.
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Numerical Analysis of Powder
Injection Moulded Cu Microchannel
Heat Sink
In this chapter, heat transfer and pressure drop characteristics of PIM Cu mi-
crochannel heat sink are presented. 3-Dimensional Continuity, momentum and en-
ergy equations were solved with commercial software ANSYS FLUENT. Distinctive
feature between the PIM heat sink and the conventional heat sink with respect to ther-
mal properties is the value of thermal conductivity (k). Thermal conductivity of the
heat sink manufactured by machining will have a value of 389 W/mK, whereas in the
case of PIM heat sink, its value is 295 W/mK. Remaining simulation parameters are
same for both PIM and Non-PIM heat sinks. This chapter is divided in to 3 sections.
The details of the CFD simulation approach for microchannels which includes mi-
crochannel geometry consideration, simulation model setup, 3D-governing equations
(N-S equations), boundary conditions for the computational domain and grid indepen-
dence study are provided in section 3.1. The numerical analysis for the simulation
results which include velocity and temperature profiles, secondary flow distribution,
heat transfer and pressure drop characteristics are discussed in section 3.2. Finally, the
conclusions are discussed in the section 3.3.
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3.1 CFD Simulation Approach
The Navier-Stokes (N-S) equations are the equations which represents the con-
servative laws for mass, momentum and energy. In Computational Fluid Dynamics
approach the system of partial differential equations are to be replaced with a set of
algebraic equations which can be solved by computers. In the present study ANSYS
FLUENT is used for numerical analysis. In the first step the computational domain
is to be created by using solid works and this file should be imported to geometry.
Meshing is to be done for the domain on considering various parameters such as edge
sizing, number of inflation layers, body sizing. The mesh file is to be imported to the
Fluent for further numerical analysis. Finally, Post processing is to be done with CFD
post.
3.1.1 Oblique Fin Microchannel Geometry Details
TABLE 3.1: Details of microchannel heat sink
Characteristics value
Material Copper
Thermal conductivity 295 W/mK
Foot print dimension D, mm 26.92× 23
Number of channels 13
Channel height H, mm 9
Channel width W, mm 1
Fin width (mm) 1
Number of fins per row 11
Secondary channel gap (mm) 1.15
Oblique fin length (mm) 1.34
Oblique angle θ 60
3.1.2 Simulation Model Setup
Three dimensional (3D) full domain numerical simulations are carried out in
association with heat conduction in Copper and convection in water. Fig. 3.1 shows
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the computational domain considered for the numerical simulations. The domain can
be divided in to several sections viz. inlet pipe section, inlet plenum, oblique fin
section, outlet plenum and outlet pipe section. Meshing for both solid and fluid parts
were done separately. The parameters used for meshing the fluid domain are sweep
method, face sizing and inflation. Face sizing was adjusted to 0.1 mm and 16 inflation
layers are given around each oblique fin. Body sizing of 0.2 mm was given for the
solid domain.
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The following assumptions are made in modeling the fluid flow and heat transfer
for the microchannel heat sink.They are
(1) Flow is steady, turbulent, incompressible and negligible radiation heat transfer
from the microchannel heat sink to the surroundings.
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(2) Negligible natural convective heat transfer from the microchannel heat sink.
The working fluid is water in this analysis and its initial temperature is set at 300 K.
Different mass flow rates in Kg/sec are given at the inlet and pressure at the outlet is
set at 0 pa. Constant heat flux of 158746.5 W/m2 is given at the bottom of the heat
sink and top surface of microchannel is assumed to be adiabatic. RNG K- turbulence
model with enhanced wall treatment is used in the present study. Turbulence model is
considered because of the creation of turbulence due to the sudden expansion of fluid
at the inlet and sudden contraction of fluid at the outlet. The convergence criterion for
the continuity, X, Y, Z momentum equations are set at a residual of 10−6 and for the
energy equation it is 10−9.
3.1.5 Grid Independence Study
Grid independence study has been done and compared the thermal resistance for
various grid sizes. Mesh containing 17232447 elements has been chosen for numerical
simulations. The results are presented in the table below.
TABLE 3.2: Grid independence study




3.2 Results and Discussion
3.2.1 Velocity and Temperature Profile
Fig. 3.2 shows the velocity contour at a flow rate of 400 ml/min. From the figure
it can be concluded that the magnitude of velocity in the middle channels is higher than
other channels in the domain. This is due to the fact that the fluid enters the middle
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channels directly from the inlet pipe. The magnitude of velocity is less in the case of
adjacent channels because the fluid first enters in to the inlet plenum from the inlet
pipe section and expands in to the adjacent channels. As soon as the fluid crosses the
oblique fin section, its velocity increases in the outlet section because of the reduction
in the cross sectional area. Fig. 3.3 shows the temperature contour at a flow rate of
FIGURE 3.2: Velocity contour at the mid plane for a flow rate of 400 ml/min
400 ml/min. It is observed from Fig. 3.3 that the temperature in the middle channels
is very less because of the highest magnitude of velocity inside the middle channels.
Hot spots are observed at the downstream location is due to flow migration.
3.2.2 Secondary Flow Distribution
Fig. 3.4 shows the comparison of secondary flow distribution at different Reynold
number. From the Fig. 3.4, it is clear that at at low flow rate (100 ml/min), the velocity
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FIGURE 3.3: Temperature contour at the mid plane for a flow rate of 400 ml/min
vectors are almost straight and uniform. But at the flow rate of 400 ml/min, vortices are
observed inside the secondary channels due to the increased velocity, which improves
the flow mixing and heat transfer performance.
3.2.3 Entrance Region Effect
The entrance region effect can be explained based on velocity profile and varia-
tion of local Nusselt number along the stream-wise direction. It is reported in the liter-
ature [] that both hydrodynamic and thermal entrance lengths of cylindrical oblique fin
heat sink are smaller than conventional straight mini channel heat sink. therefore, thin-
ner thermal boundary layer and steady developed heat flow can be achieved quickly
due to the shorter entrance length in cylindrical oblique fin minichannel heat sink than
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(a)
(b)
FIGURE 3.4: Comparison of secondary flow distribution at various massflow rates
(a) 400 ml/min (b) 100 ml/min
conventional straight fin minichannel heat sink. Fig. 3.5 shows the variation of lo-
cal Nusselt number and local heat transfer coefficient along the streamwise direction.
From the figure it is clear that the local Nusselt number and local heat transfer coef-
ficient are decreasing along the streamwise direction because of the entrance region
effect.
3.2.4 Heat Transfer Characteristic
Fig. 3.6 shows the variation of wall temperature along the streamwise direction
at a flow rate of 400 ml/min. From the figure it is clear that the wall temperature
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FIGURE 3.5: Variation of local Nusselt number and local heat transfer coefficient
along streamwise direction for a flow rate of 300 ml/min at two locations
increases gradually along the streamwise direction. The maximum wall temperature
is 307 K. The difference between maximum and minimum wall temperature is 4.25
K.
Fig. 3.7 represents the different fin surfaces on 6th oblique fin unit in 6th row.
M1, M2, O1 and O2 denotes the front, back, left and right faces respectively. Fig.
3.8 shows the comparison of wall heat flux on different surfaces on 6th oblique fin
unit in 6th row. From the figure one can conclude that wall heat flux is more on front
and left faces and less on right and back faces. This is due to the fact that boundary
layer reinitialisation and redevelopment has taken place on front and left faces which
results in the formation of thinner boundary layer. In the case of back and right faces
boundary layer thickness slightly increase as compared with M1 and O1 faces.
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FIGURE 3.6: Variation of wall temperature along the streamwise direction at a flow
rate of 400 ml/min
FIGURE 3.7: Different fin surfaces on 6th oblique fin unit in 6th row.
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FIGURE 3.8: Comparison of wall heat flux on different fin surfaces on 6th oblique
fin unit in 6th row.
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3.2.5 Pressure Drop Characteristic
Fig. 3.9 shows the variation of pressure from inlet to outlet. From the Figure it
is clear that initially the pressure reduced along the inlet pipe section due to frictional
and other losses. When the fluid enters in to the inlet plenum pressure will increase
gradually because of the reduction in velocity at the end of inlet plenum because of
increased cross sectional area. Then, the fluid enters in to the oblique fin section and
FIGURE 3.9: Pressure contour at the mid plane for a flow rate of 400 ml/min
pressure drop increases due to frictional resistance. When the fluid reaches the end of
outlet plenum pressure reduces because of the reduction in cross section area. Finally
the pressure becomes zero at the outlet section.
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3.3 Conclusions
In this analysis Powder Injection moulded Cu-micro channel heat sink is tested
for various flow rates and heat transfer and pressure drop characteristics are analyzed
in detail. The conclusions are as follows.
1. From the velocity contours, it can be concluded that the velocity in the middle
channels are more than the adjacent channels. This is due to the direct flow of fluid in
to the middle channels.
2. From the temperature contours, one can say that the hot spots are observed at the
downstream location of the oblique fins is due to flow migration problem.
3. Velocity vectors are almost straight at low Reynold numbers. Recirculation zones
are observed at high Reynolds numbers because of increased magnitude of velocity.
4. Pressure drop reduced in the inlet pipe because of the frictional resistance and
increased gradually in the inlet plenum because of the increased cross sectional area




Experimental Investigation of Powder
Injection Moulded (PIM) Cu
Microchannel Heat Sink
In this chapter, Experimental heat transfer characteristics of Powder Injection
Moulded (PIM) Cu microchannel heat sink has been presented. Thermal resistance
value of the microchannel heat sink has been calculated for different flow rates. This
chapter, begins with a description of the test section and flow loop. Procedure adopted
for conducting experiments is then explained. next, Details regarding the calibration of
temperature sensing diodes as well as the heat loss test are given. Then, data reduction
and uncertainty analysis are presented. Finally, results and discussion are explained
in-detail. Detailed solid works drawings for the housing design are presented in the
Appendix B.
4.1 Experimental Flow Loop and Test Section
4.1.1 Flow Loop
Fig. 4.1 Shows the schematic diagram of the experimental flow loop, with the
actual apparatus shown in the photograph in Fig. 4.2. The working fluid is Deionised
water which is stored in the fluid reservoir (stainless steel portable wide mouth ASME
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01 EA pressure tank 304 SS) and has a capacity of 2.5 gallons (approx. 9.5 litres).
Swagelok stainless steel tubing and fittings are used to construct the flow loop. The
fluid is pumped through a 15-m filter via a gear pump. Near the outlet of the pump,
temperature and pressure gauges are placed to make sure that the fluid is flowing nor-
mally inside the tubes. The required flow rate is to be adjusted by a knob provided
in the pump. In order to minimise heat loss to the environment, tubings from the
exit of the exchanger until the inlet of the test section are insulated. There are total 4
FIGURE 4.1: Schematic diagram of the experimental setup
thermocouples are in operation, out of which two thermocouples are used to measure
the temperature at the inlet and outlet of test section and remaining two are used to
measure the wall temperature of the Cu heat sink at different locations across the test
section. A differential pressure transducer is used to measure the pressure drop be-
tween the inlet and outlets of the test section. Four Watlow cartridge heaters powered
by a programmable power supply unit are used to heat the test section. Heated deion-
ized water is cooled down by a liquid-to-air condenser before recirculating back to the
fluid reservoir.
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FIGURE 4.2: Photograph of the experimental setup
4.1.2 Test-Section
The exploded view of the test section is shown in Fig. 4.3. The test section con-
sists of two main parts: the housings and the heater block. The housings are made of
Teflon, which comprised the top housing, bottom housing and base. The top housing
houses half portion of the microchannel heat sink. Four holes are drilled on the top
housing to insert screws in order to have a contact with bottom housing.
The top and bottom housings together with the base holds the entire assembly
in a stable position, besides minimising heat loss to the surroundings. Four cartridge
heater holes are drilled from the bottom surface as shown in the Fig. 4.4.
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FIGURE 4.3: Exploded view of the test section
FIGURE 4.4: Location of thermocouples and cartridge heater holes
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4.1.3 Microchannel Geometry
The microchannel heat sink is made up of a copper block with a footprint area
of 26.92 mm 23 mm, on which 13 parallel micro-channels are machined by powder
injection moulding process. Nominal channel width and depth are 1 mm and 9.2 mm,
respectively, while nominal fin thickness is 1 mm. Repeating oblique cuts of 1.34 mm
nominal width with an oblique angle of 60 are removed from the parallel channels.
The dimensions of the oblique-finned microchannel are shown in Fig. 4.5.
FIGURE 4.5: Enlarged view of the obliquefins and dimensions
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4.1.4 Experimental Procedures
Detailed experimental procedures are listed below:
1. Valves on the main flow loop are opened before the pump is activated.
2. The required flow rate is set by varying the speed of the pump and the power
supplied to the cartridge heaters is set to the desired value after the flow rate and the
inlet fluid temperature are stabilised.
3. 15-30 min waiting time is observed in each test run, when all temperature readings
became stable. Temperature and pressure data are logged at a frequency of 10 Hz and
averaged over a 60-s period.
4. The heat flux is then increased for the next test condition, and the above procedure
is repeated.
4.1.5 Data Reduction
Heat gained by the fluid (water) can be obtained from the energy balance expres-
sion and is given by
ρ cpQ(Tf,o−Tf,i) (4.1)
In this equation the density and specific heat are calculated with respect to mean fluid
temperature (The average of the inlet and outlet water temperature). Flow meter mea-
sures the volumetric flow rate Q. Two T-type thermocouples are placed at the inlet and
outlet section which measures the inlet and outlet fluid temperatures. (Tf,o, Tf,i). Total





where q is the heat gained by the water.
38
Chapter 4 Experimental Investigation of PIM Heat Sink






Where, Ac is the cross sectional area of the microchannel and P is the perimeter of the
channel cross section.





The local heat transfer coefficients can be defined as
hx =
q
A(Tw,i − Tf,x) (4.5)
Here, Tw,i is the local wall temperature. Constant wall heat flux boundary condi-
tion is given at the bottom wall of the heat sink. Hence, fluid bulk mean temperature
is assumed at any location x, Tf,x was calculated using the following equation and is
given by




The average heat transfer coefficient can be defined as
have =
q
A(Tw,ave − Tf,ave) (4.7)
Where, A is the total area of convective heat transfer surface.
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4.1.6 Uncertainty Analysis
Uncertainties in results of experiments have been estimated based on principles
explained by J.R. Taylor [[? ]].
Uncertainty in Summation
Suppose F = f(x, y, ..., v, w) such that
F = x+ y + ....− v − w
and uncertainties in measuring x, y, . . . v and w are δx, δy, ..δv and δw respectively




(δx)2 + (δy)2 + · · ·+ (δv)2 + (δw)2
In cany case, δF is never larger than their ordinary sum.
δF ≤ δx+ δy + ....+ δv + δw
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Uncertainty in Products and Quotients
Suppose F = f(x, y, ..., v, w) such that
F =
x× y . . .
. . . v × w
the fractional uncertainty in F is sum in quadrature of the fractional uncertainties in






















if errors are known to be random and independent of each other. In cany case, it is











Measurement uncertainty is shown in the Table. 4.1.
TABLE 4.1: Measurement uncertainty
S.NO Parameter Measurement uncertainty
1 Temperature measurements ±0.5
2 Voltage 0.0498 V
3 Current 0.0009296 A
4 Flow meter 1 %
5 Pressure transducer 0.08 %
From the Taylors principles measurement uncertainty in the thermal resistance
value is calculated and is found to be 6.57 %.
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4.2 Results and Discussion
4.2.1 Heat Transfer Characteristic
Fig. 4.6 shows the variation of wall temperature along the stream wise direction
for various flow rates. Two bead type thermocouples are placed at a distance of 13.5
mm and 18 mm respectively (X=13.5 mm and X=0.18 mm) from the starting point of
foot print. From the figure one can conclude that the wall temperature increasing from
upstream location to downstream location. The reason for increase in wall tempera-
ture is due to the increase in fluid temperature from upstream to downstream location.
As the flow rate increases, the wall temperature reduces because of the increase in
flow rate causes the velocity to increase which further enhances the cooling effect.
Fig. 4.7 shows the variation of local Nusselt number and local heat transfer coeffi-
FIGURE 4.6: Variation of wall temperature along streamwise direction for different
flow rates
cient along the streamwise direction at a flow rate of 300 ml/min. From the figure one
can conclude that local Nusselt number and heat transfer coefficient decreased from
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upstream to downstream location is due to the entrance region effect. Fig. 4.8 shows
FIGURE 4.7: Variation of local Nusselt number and local heat transfer coefficient
along streamwise direction for a flow rate of 300 ml/min
the variation of thermal resistance with volumetric flow rate. From the figure it can
be concluded that the thermal resistance is inversely proportional to the volumetric
flow rate. As the flow rate increases, temperature difference between the wall temper-
ature and fluid inlet temperature will reduce. This reduction in temperature difference
causes the thermal resistance to reduce.
4.2.2 Pressure Drop Characteristic
Fig. 4.9 shows the pressure drop variation with volumetric flow rate. Increase
in flow rate causes the more frictional lose as it transverses through the microchannel.
This increase in frictional losses causes the pressure drop to increase further. As the
flow rate increases, highest percentage of fluid is diverted in to the secondary chan-
nels which creates a stronger secondary flow which helps to increase the heat transfer
performance but incurs additional pressure drop.
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FIGURE 4.8: Variation of thermal resistance with volume flow rate
FIGURE 4.9: Variation of pressure drop with volume flow rate
4.2.3 Comparison of experimental and numerical results
The experimental results viz. temperature difference between wall temperature
and fluid inlet temperature, thermal resistance and pressure drop are compared with
numerical simulations and tabulated as shown in Tables. 4.2, 4.3 and 4.4.
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TABLE 4.2: Comparison of temperature difference between wall temperature and
fluid inlet temperature (Tw-Tf,i) for different flow rates at the most downstream lo-
cation
Flow rate Experimental Numerical % error
200 15 14.9 0.66
300 15.1 15.3 1.32
400 15.2 14.7 3.2
TABLE 4.3: Comparison of Thermal resistance for different flow rates
Flow rate Experimental Numerical % error
200 0.188 0.177 5.85
300 0.187 0.166 11.22
400 0.154 0.149 3.24
TABLE 4.4: Comparison of Pressure drop for different flow rates





In this analysis, Experimental investigation of Powder Injection Moulded (PIM)
Copper micro-channel heat sink is performed for various volumetric flow rates and
heat transfer and pressure drop characteristics are analysed in-detail. The conclusions
for this chapter are as follows.
1. Wall temperature is increasing from upstream location to downstream location is
due the increase in fluid temperature along the streamwise direction. As the flow rate
increases the wall temperature reduces because of the increase in cooling effect.
2. Local Nusselt number and local heat transfer coefficient reduces from upstream
to downstream location is because of the increment in wall temperature along the
streamwise direction.
3. Thermal resistance of the Copper microchannel heat sink decreases with increase
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in flow rate is due to the decrease in wall temperature with volumetric flow rate.
4. Pressure drop increases with volumetric flow rate is due to increase in frictional
losses causes the pressure drop to increase further. In-addition to this, increase in flow
rate causes the secondary flow to increase but incurs additional pressure drop.
So far, Heat transfer and pressure drop characteristics of oblique fined Copper
microchannel heat sink has been studied both experimentally and numerically. It has
been reported in the literature that heat transfer performance of oblique finned heat
sink is more as compared with straight microchannel heat sink. But pressure drop is
more in the case of oblique fins (YJ Lee et al. [36]) as shown in the Fig. 4.10.
Figure shows the comparison of pressure drop between oblique finned and straight
FIGURE 4.10: Pressure drop comparison between conventional enhanced oblique fin
microchannel YJ Lee et al.[7]
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finned microchannels. From the figure one can conclude that the pressure drop is
more in the case of oblique finned microchannel. In order to reduce the pressure drop
in the case of oblique finned microchannel heat sinks a novel technique has been pro-
posed by creating additional channels at the mid portion of oblique fins by removing
some material from the oblique finned heat sink called obliquecuts. The comparitive
heat transfer and pressure drop characteristics of both oblique fins and obliquecuts are




Pressure Drop Reduction Technique in
Oblique Finned Microchannel Heat
Sink
In this chapter, a new technique has been proposed to reduce the pressure drop in
oblique finned microchannel heat sink. Additional channels having half of the width
of main channel width were created at the middle of oblique fins. There is a reduc-
tion in pressure drop observed due to the creation of additional cuts because of the
reduction in massflow rate through secondary channels as compared with oblique fins.
Three-Dimensional Navier-Stokes equations which represents the fluid flow and heat
transfer are solved by using ANSYS FLUENT.
This chapter is divided in to 3 sections. The details of microchannel geometry consid-
eration, simulation model setup, 3D-governing equations (N-S equations), boundary
conditions for the computational domain and grid independence study are provided
in section 5.1. The numerical investigation for the simulation results which include
velocity and temperature contours, secondary flow distribution, heat transfer and pres-
sure drop characteristics are discussed in section 5.2. Finally, the conclusions are
discussed in the section 5.3.
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TABLE 5.1: Dimensional details of oblique finned microchannel heat sink
Characteristics actual
Material Copper
Foot print dimension D, mm 23.5× 25
Channel height H, mm 1.2
Channel width W, mm 0.5
Fin width (mm) 0.75
Secondary channel gap (mm) 0.15
Oblique fin length (mm) 1.35
Oblique angle θ 30
TABLE 5.2: Dimensional details of oblique cut microchannel heat sink
Characteristics actual
Material Copper
Foot print dimension D, mm 23.5× 25
Channel height H, mm 1.2
Channel width W, mm 0.5
Channel cut width W, mm 0.25
Fin width (mm) 0.25
Secondary channel gap (mm) 0.15
Oblique fin length (mm) 1.35
Oblique angle θ 30
5.1 Simulation Model
3D numerical simulations are carried out in association with heat conduction in
Copper and convection in water. Periodic boundary condition is given on the walls
of the channel. Figs. 5.1 and 5.2 show the computational domains considered for the
numerical simulations viz. oblique fins and oblique cuts. Meshing for both solid and
fluid parts were done separately. The parameters used for meshing the fluid domain
are sweep method, face sizing and inflation. Face sizing was adjusted to 0.1 mm and
16 inflation layers are given around each oblique fin. Body sizing of 0.2 mm was given
for the solid domain.
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FIGURE 5.1: oblique fins geometry
FIGURE 5.2: oblique cuts geometry
5.1.1 Boundary Conditions
The working fluid considered in this analysis is water and its inlet temperature is
set at 300 K. Different mass flow rates in Kg/sec are given at the inlet and pressure at
the outlet is set at 0 pa. Constant heat flux of 161030.6 W/m2 is given at the bottom
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of the heat sink and top surface of microchannel is assumed to be adiabatic. RNG K-
turbulence model with standard wall functions with enhanced heat treatment is used
in the present study. The convergence criterion for the continuity, X, Y, Z momentum
equations are set at a residual of 10−6 and for the energy equation it is 10−9.
5.1.2 Grid Independence Study
Grid independence study has been done and compared the thermal resistance and
pressure drop for various grid sizes. Mesh containing 5758766 elements has been cho-
sen for numerical simulations for oblique fins domain and mesh containing 6867356
is chosen for the oblique cuts domain. The results are presented in the table below.
TABLE 5.3: Grid independence study for the domain having oblique fins




TABLE 5.4: Grid independence study for the domain having oblique cuts




5.2 Results and Discussion
5.2.1 Velocity and Temperature Profile
Figure 5.3 shows the velocity contour at the mid plane (Y=10.6 mm) for oblique
fins and oblique cuts at a flow rate of 500 ml/min. From these figures, it is clear that
boundary layers are developed at the trailing edges of both oblique fin and oblique
cuts geometry. it is observed that the oblique fin disrupts the velocity profile at each
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FIGURE 5.3: Velocity contours for (a) oblique fins (b) obliquecuts at the mid plane
for a flow rate of 500 ml/min
entrance of the downstream fin and causes the hydrodynamic boundary layer reinitial-
ization at each and every oblique fin. Heat transfer is reduced in the case of oblique
cuts is because additional boundary layers are also created on the fin walls adjacent to
the additional channels.
Fig. 5.4 represents the temperature contours of the oblique fins and obliquecuts
at a flow rate of 500 ml/min. Convection in fins takes place through both diffusion and
advection phenomenon. Heat transfer takes place from copper surface into the fluid
particle and distributes further into the fluid. Due to significant flow field difference, a
large fluid temperature distinction is found between the oblique finned microchannel
and obliquecut microchannel. From the Fig. 5.4, it is clear that the fluid temperature
difference is 3.6 K which is from 300 K to 303.6 K. Temperature value is more in the
case of obliquecuts which is due to the formation of thermal boundary layers adjacent
to the additional channels which causes the reduction in heat transfer.
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FIGURE 5.4: Temperature contours for (a) oblique fins (b) obliquecuts at the mid
plane for a flow rate of 500 ml/min
5.2.2 Secondary Flow Distribution
An important phenomenon that controls the heat transfer effectively is how the
fluid mixes inside the microchannel. Because of the experimental difficulties, sec-
ondary flow effects on the microchannel were studied based on fluid mixing and nu-
merical simulation results. Since periodic boundary condition is given on the channel
walls, simulation results focus on flow within a single channel instead of the full do-
main. Figures 5.5 and 5.6 represents the velocity vectors for oblique fins and oblique
cuts. From the figures, it is clear that velocity boundary layers are formed on the
fin walls on both oblique fins and obliquecuts. In the case of obliquecuts, additional
boundary layers are formed adjacent to the additional channels. Interestingly, highest
amount of massflow rate through secondary channels is observed in the case of oblique
cuts geometry as shown in the Table. 5.5.
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TABLE 5.5: Comparison of massflow rate in Kg/sec through oblique fins and oblique
cuts at the mid plane ( Z=10.6 mm )
Oblique fins Obliquecuts
0.00195 0.00494
FIGURE 5.5: Velocity vector at the mid plane for a flow rate of 500 ml/min for
oblique fins
FIGURE 5.6: Velocity vector at the mid plane for a flow rate of 500 ml/min for
obliquecuts
5.2.3 Heat Transfer Characteristic
Figs. 5.7 and 5.8 represent the different fin surfaces of 6th fin unit (from left) in both
oblique fins and obliquecuts domain respectively. Fig. 5.9 refers to the variation of
wall temperature along the stream wise direction. From the figure it can be concluded
that the wall temperature is more in the case of obliquecuts. Fig. 5.10 shows the
comparison of wall heat flux on different fin surfaces for oblique fins and oblique
cuts. From the Fig. 5.10 one can conclude that the wall heat flux is more in the case
of oblique fin geometry as compared with oblique cuts. This can be supported with
average Nusselt number variation with flow rate. Fig. 5.11 and Fig. 5.12 shows the
variation of average Nusselt number with volumetric flow rate for oblique fins and
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FIGURE 5.7: Different fin surfaces on 6th (from left) oblique fin unit
FIGURE 5.8: Different fin surfaces on 6th (from left) obliquecut unit
oblique cuts. From the figure one can conclude that average Nusselt number is less
in the case of obliquecuts as compared with obliquefins. But interestingly, mass flow
rate through secondary channels in the case of obliquecuts geometry is more than that
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FIGURE 5.9: Wall temperature profiles for obliquefinned and obliquecut microchan-
nel heat sink
of oblique fins geometry. The reason is because of additional cuts the thermal and
hydro dynamic boundary layers are generating on the fin walls which are adjacent to
the additional channels. Increase in secondary flow rate cannot able to compensate the
effect of thermal and hydrodynamic boundary layers formation which are adjacent to
the additional channels. Hence, rate of heat transfer reduced in the case of obiquecuts.
Table. 5.6 shows the comparison of average Nusselt number for both oblique fins
and obliquecuts for various flow rates. From the table it is observed that 16.66 %
of average Nusselt number reduced in the case of obliquecuts geometry as compared
with oblique fins geometry.
TABLE 5.6: Comparison of average Nusselt number between oblique fins and
obliquecuts for different flow rates (ml/min)
Flow rate Oblique fins Obliquecuts % reduction
300 12.22 10.78 11.78
400 14.43 12.33 14.76
500 16.68 13.9 16.66
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FIGURE 5.10: Comparison of wall heat flux on different fin surfaces for oblique fins
and obliquecuts
FIGURE 5.11: Variation of Nuavg with volumetric flow rate for oblique fins and
oblique cuts
5.2.4 Pressure Drop Characteristic
Fig. 5.13 represents the variation of pressure from inlet to outlet. From the figure
it is clear that that the pressure drop is more in the case of oblique fins. The reduction
in pressure drop in the case of obliquecuts is due to the creation of additional channels
which results in increment of mass flow rate through secondary channels as shown
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FIGURE 5.12: Variation of average heat transfer coefficient with volumetric flow rate
for oblique fins and oblique cuts
FIGURE 5.13: Variation of pressure from entrance to exit for a flow rate of 500
ml/min for both obliquefins and obliquecuts
in the Table. 5.5. Table. 5.7 shows the quantitative comparison of pressure drop
between oblique fins and obliquecuts. From the table it is observed that, in the case of
obliquecuts geometry pressure drop reduced by an amount of 31.36% for the flow rate
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of 500ml/min.
TABLE 5.7: Comparison of pressure drop between oblique fins and obliquecuts for
different flow rates (ml/min)
Flow rate Oblique fins Obliquecuts % reduction
300 1954.2 1429.3 26.86
400 3014.59 2106.4 30.12
500 4228.46 2902.25 31.36
5.3 Conclusions
Pressure drop reduction technique has been proposed by creating additional chan-
nels (cuts) through the middle portion of each oblique fin unit and compared both heat
transfer and pressure drop characteristics for both oblique fins and obliquecuts. The
conclusions are as follows.
1. The most important result obtained in this analysis is pressure drop reduced by an
amount of 31.36 % in the case of oblique cuts geometry as compared with oblique fins
geometry. Increase in secondary flow causes the pressure drop to reduce.
2. Magnitude of wall temperature is more in the case of obliquecuts geometry is due
to the formation of boundary layers adjacent to the additional channels. As a result,
heat transfer reduced in the case of obliquecuts geometry. Increase in secondary flow
rate through oblique channels cannot able to compensate the reduction heat transfer.
3. Heat flux on front and left faces on single oblique fin unit is more as compared
with right and back faces is due to the reinitialisation and redevelopment of boundary
layer results in the formation of thinner boundary layer thickness at these two faces.
Boundary layer thickness is more in the case of right and back faces which results
in heat flux reduction at these faces. Heat flux in the case of oblique cuts on each






In this study, heat transfer and pressure drop characteristics of PIM oblique finned
microchannel heat sink are investigated experimentally and compared with ANSYS
FLUENT numerical simulations. The results are in good agreement. Finally, a novel
modification to oblique fins has been proposed to reduce pressure drop penalty. more
than 30 % of the pressure drop reduced as compared with pressure drop through
oblique fins at a flow rate of 500 ml/min.
The following section summarizes the significant conclusions from the presented
study. Finally, based on the knowledge obtained from this thesis, recommendations
for future work have been provided.
6.1 Conclusions
1. In the experimental investigation, Wall temperature is increased along the stream-
wise direction is due the increase in fluid temperature along the streamwise di-
rection. As the flow rate increases the wall temperature reduces because of the
increase in cooling effect.
2. Local Nusselt number and local heat transfer coefficient reduces from upstream
to downstream location is because of the entrance region effect.
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3. Thermal resistance of the Copper microchannel heat sink decreases with in-
crease in flow rate is due to the decrease in wall temperature with volumetric
flow rate.
4. Pressure drop increases with volumetric flow rate is due to increase in frictional
losses causes the pressure drop to increase further. In-addition to this, increase
in flow rate causes the secondary flow to increase but incurs additional pressure
drop.
5. Experimental results such as thermal resistance and pressure drop have been
validated with ANSYS FLUENT numerical simulations and the results are in
very good agreement with each other.
6. From the numerical results, it can be concluded that the velocity in the middle
channels are more than the adjacent channels. This is due to the direct flow of
fluid in to the middle channels.
7. From the temperature contours, one can say that the hot spots are observed at the
downstream location of the oblique fins is due to the effect of flow migration.
8. Velocity vectors are almost straight at low Reynold numbers. Recirculation
zones are observed at high Reynolds numbers because of increased magnitude
of velocity.
9. Pressure drop reduced in the inlet pipe because of the frictional resistance and
increased gradually in the inlet plenum because of the increased cross sectional
area then reduced in the oblique channels and finally reduced in the outlet sec-
tion.
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10. Finally, a novel technique has been proposed to reduce the pressure drop in
oblique finned microchannel heat sink on creating additional channels by re-
moving some material at the middle portion of oblique fin unit. Fluid flow and
heat transfer characteristics are discussed in-detail.
11. The most important result obtained in this analysis is pressure drop reduced by
an amount of 31.36 % in the case of oblique cuts geometry as compared with
oblique fins geometry. Increase in secondary flow causes the pressure drop to
reduce.
12. Magnitude of wall temperature is more in the case of obliquecuts geometry is
due to the formation of boundary layers adjacent to the additional channels. As
a result, heat transfer reduced in the case of obliquecuts geometry. Increase
in secondary flow rate through oblique channels cannot able to compensate the
reduction heat transfer.
13. Heat flux on front and left faces on single oblique fin unit is more as compared
with right and back faces is due to the reinitialisation and redevelopment of
boundary layer results in the formation of thinner boundary layer thickness at
these two faces. Boundary layer thickness is more in the case of right and back
faces which results in heat flux reduction at these faces.
6.2 Recommendations for Future Work
1. In the case of oblique finned microchannel heat sink, hot spots are observed at
the downstream location due to the effect of flow migration. The life span of
the heat sink reduces considerably because of the hot spots. Hence, a novel fin
arrangement can be proposed to eliminate the flow migration.
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2. Because of the creation of additional channels, pressure drop reduced signifi-
cantly and a reduction of 30 % observed at a flow rate of 500 ml/min. Hence,
the present numerical work can be extended to experimental study on manufac-
turing the heat sink with machining.
3. Owing to PIM process limitations, the current numerical work can be extended
to experimental study with larger heat sink dimensions.
4. In this analysis, pressure drop reduced considerably with minimal heat transfer
reduction. Novel oblique fin geometries can be proposed to enhance the heat
transfer with significant pressure drop reduction.
5. Present study can be extended to two phase flow and can analyse the flow boiling
heat transfer and pressure drop characteristic in-detail.
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FIGURE A.1: Top housing
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FIGURE A.2: Upper bottom housing
75
Appendix A. Detailed Solid Works Drawings
FIGURE A.3: Lower bottom housing
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FIGURE A.4: Assembled view of the housing
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FIGURE A.5: Dimensions of top housing
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FIGURE A.6: Dimensions of upper bottom housing
79
Appendix A. Detailed Solid Works Drawings
FIGURE A.7: Dimensions of lower bottom housing
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